In this study, we tested the hypothesis that the documented transformation of 17␤-estradiol (E 2) from a counterinflammatory hormone in nondiabetic (ND) rats to a proinflammatory agent in rats with diabetes mellitus (DM) is due to an enhanced contribution from the receptor for advanced glycation end products (RAGE). Rhodamine 6G-labeled leukocytes were observed through a closed cranial window in rats. In vivo pial venular leukocyte adherence and infiltration were measured over 10 h reperfusion after transient forebrain ischemia in DM (streptozotocin) versus ND intact, ovariectomized (OVX), and E 2-replaced (for 7-10 days) OVX (OVE) females. The role of RAGE was examined in two ways: 1) RAGE knockdown via topical application of RAGE antisense versus missense oligodeoxynucleotide or 2) intracerebroventricular injection of the RAGE decoy inhibitor, soluble RAGE. Among diabetic rats, the lowest levels of cortical RAGE mRNA and immunoreactivity of the RAGE ligand, AGE, were seen in OVX females, with significantly higher levels exhibited in intact and OVE females. However, results from the analysis of cortical RAGE protein only partially tracked those findings. When comparing ND to DM rats, cortical AGE immunoreactivity was significantly lower in OVE and intact females but similar in OVX rats. In DM rats, the level of postischemic leukocyte adhesion and infiltration (highest to lowest) was OVE Ͼ intact ϾϾ untreated OVX. In NDs, adhesion was highest in the untreated OVX group. Leukocyte extravasation was observed at Ͼ6 h postischemia but only in diabetic OVE and intact females and in ND OVX (untreated) rats. Pretreatment with RAGE antisense-oligodeoxynucleotide or soluble RAGE attenuated postischemic leukocyte adhesion and prevented infiltration but only in the diabetic OVE and intact groups. These results indicate that the exacerbation of postischemic leukocyte adhesion by chronic E2 replacement therapy in diabetic OVX females involves a RAGE-related mechanism. Targeting RAGE may restore the neuroprotective effect of E2 replacement therapy in diabetic females. transient forebrain ischemia; neutrophil; inflammation; diabetes mellitus NEUROPROTECTIVE BENEFITS OF estrogen replacement therapy (ERT) have been established in multiple experimental ischemia models. However, the results of recent large-scale clinical studies have not supported the animal findings and even hinted that hormone replacement therapy may be detrimental (19). Indeed, we recently identified one circumstance where chronic ERT in ovariectomized (OVX) rats exacerbates ischemic brain damage-diabetes/chronic hyperglycemia (23). In nondiabetic rats, we have shown that one of the neuroprotective mechanisms of estrogen is to limit postischemic cerebral inflammation, as reflected by the extent of leukocyte adhesion/infiltration (21). On the other hand and in accord with neuropathological findings (23), in diabetic rats ERT is associated with a greater level of postischemic leukocyte activity in the brain, compared with that seen in untreated OVX females (32).
NEUROPROTECTIVE BENEFITS OF estrogen replacement therapy (ERT) have been established in multiple experimental ischemia models. However, the results of recent large-scale clinical studies have not supported the animal findings and even hinted that hormone replacement therapy may be detrimental (19) . Indeed, we recently identified one circumstance where chronic ERT in ovariectomized (OVX) rats exacerbates ischemic brain damage-diabetes/chronic hyperglycemia (23) . In nondiabetic rats, we have shown that one of the neuroprotective mechanisms of estrogen is to limit postischemic cerebral inflammation, as reflected by the extent of leukocyte adhesion/infiltration (21) . On the other hand and in accord with neuropathological findings (23) , in diabetic rats ERT is associated with a greater level of postischemic leukocyte activity in the brain, compared with that seen in untreated OVX females (32) .
In the present study, we hypothesized that ERT-related exacerbation of postischemic inflammation in diabetic rats is linked to an increase in the presence of advanced glycation end products (AGE) and an enhanced function of the AGE receptor (RAGE). This derives from reports documenting chronic hyperglycemia-associated elevations in AGE (26) , coupled with evidence that 17␤-estradiol (E 2 ) is capable of increasing RAGE transcription and protein expression (27) . This may create an enhanced proinflammatory environment, which in the presence of an additional proinflammatory "hit" like ischemiareperfusion, may lead to an amplification of inflammatory responses, such as increased neutrophil adhesion and infiltration. We therefore hypothesized that the blockade of RAGE would prevent the increased postischemic leukocyte activity, associated with ERT in diabetic OVX females, previously reported by us (32, 34) . To that end, we examined the effects of RAGE knockdown, via antisense oligodeoxynucleotide (ODN) application, or RAGE blockade, using a RAGE decoy inhibitor, on postischemic leukocyte adhesion/infiltration in diabetic (streptozotocin injected) versus nondiabetic intact and OVX female rats with or without chronic ERT.
METHODS

Animals.
The study protocol was approved by the Institutional Animal Care and Use Committee. Three groups each of diabetic or nondiabetic female Sprague-Dawley rats (200 -250 g at arrival) were used: intact, OVX, and E 2-treated (0.1 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ip for 7 days) OVX female rats (OVE). Ovariectomies were performed by the vendor (Charles River) 1 wk before shipment. Previous work from our laboratory demonstrated that the 0.1 mg/kg daily dose of E 2 results in an average daily plasma E 2 concentration that falls between the peak and nadir levels observed over the normal rat estrous cycle (31, 32) . Streptozotocin (60 mg/kg iv) or vehicle was given at ϳ2 wk following ovariectomy (see Ref. 34) , and the rats were studied ϳ6 -8 wk later.
Surgical preparation and treatments. In some rats, closed cranial windows were placed ϳ48 h before the study. The procedure for "chronic" placement of cranial windows in experiments using topical applications of ODNs was described in a previous article (33) . Aseptic techniques and hygienic postsurgical care were used to minimize the risk of infection resulting from chronic cranial window placement. Bupivacaine was applied locally at the wound site to provide analgesia during the early recovery period. At 48 h preceding the onset of ischemia, 300 l of an artificial cerebrospinal fluid (aCSF) solution containing either 5 M RAGE antisense (5Ј-AGCTACTGTC-CCCGTTGG-3Ј) or 5 M missense (5Ј-TCCATAGGCCTCT-GTCGG-3Ј) ODN were injected into the space under the cranial window. That injection was repeated 24 h later. Six bases (3 at the 5Ј-end and 3 at the 3Ј-end) were phosphorothioated so as to minimize nuclease-mediated ODN breakdown. The specificity of the above rat RAGE antisense ODN sequence, which is identical to an ODN sequence previously reported to be selective and effective in knocking down RAGE expression (12) , was confirmed by Basic Local Alignment Search Tool (BLAST) analysis. In experiments involving RAGE decoy inhibitor administration, 5 l of a soluble RAGE (sRAGE) solution (84 g/ml) were injected in anesthetized rats, via the intracerebroventricular route, through a burr hole (1.2 mm caudal to the bregma and 1.8 mm lateral to the sagittal suture at a depth of 4.0 mm) 24 h preceding ischemic onset. The controls received intracerebroventricular vehicle (aCSF) only. The cranial windows were prepared 24 h later. On the day of the study, the rats were anesthetized with isoflurane, followed by tracheotomy and mechanical ventilation. Paralysis was then induced with curare. During surgery, anesthesia was maintained with 1.2% isoflurane in 70% N 2O-30% O2. The femoral arteries and veins were cannulated for blood sampling, arterial pressure monitoring, and drug infusions. Rectal temperature was servocontrolled at 37°C with a heating pad. The right common carotid artery was isolated, followed by insertion of a right subclavian venous catheter. In rats previously given intracerebroventricular injections of sRAGE or vehicle, the cranial windows were placed at this time. In the ODN-treated rats, the previously implanted cranial windows were reexposed. After the completion of surgery and window preparation, the isoflurane was discontinued and the rat was maintained on 70% N2O-30% O2-fentanyl (10 g/kg initially; and 25 g ⅐ kg Ϫ1 ⅐ h Ϫ1 iv thereafter). The space under the window was suffused with 37°C aCSF that was equilibrated with 10% O2-5% CO2 with a balance of N2 (22) .
Preparation of sRAGE. The sRAGE represents an amino acid sequence from the NH2-terminal variable domain, which contains the ligand-binding sites (5) . The cDNA coding for the RAGE NH2-terminal AGE-binding domain (117-392 bp) was RT-PCR amplified from rat lung total RNA with a pair of primers: RAGE1 (5Ј-ATGGATCCAGCCCGGATCGAGAGGCCAC-3Ј) and RAGE2 (5Ј-GATTCGAATCTGGTAGACTCGGAGTC-3Ј). A 275-bp DNA, as predicted, was obtained and subsequently cloned into an Escherichia coli expression vector, pRSET B (Invitrogen), using BamHI and EcoRI cleavage sites, which were incorporated in the PCR primers. The sequence of pRSET-RAGE was confirmed by DNA sequencing (Research Resource Center, DNA facilities, UIC). The pRSET-RAGE DNA was transformed into Escherichia coli expression strain BL21-DE3, and the expression was induced by adding 0.2 mM isopropyl-␤-D-thiogalactopyranoside. Large-scale expression was performed after the expression conditions were optimized. Endotoxin was removed using Detoxy-gel (Pierce, Rockford, IL). The complete sequence of the recombinant sRAGE used in the experiments (amino acids 28 through 106 of the full-length rat protein) was NH2-ARIGE-PLMLSCKGAPKKPTQKLEWKLNTGRTEAWKVLSPQGDPWD-SVARILPNGSLLLPAIGIVDEGTFRCRATNRLGKEVKSNYRVR-VYQI-COOH, yielding a peptide with a molecular mass of Х10 kDa. This is consistent with the literature (5) and was confirmed by Western blot analysis (Fig. 1) . To that end, recombinant sRAGE was separated by 7.5-20% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The blot was blocked with 0.5ϫ Odyssey blocking buffer for 1 h and then hybridized with anti-mouse/rat RAGE antibody (diluted 1 to 3,000 in the blocking buffer; R&D Systems, Minneapolis, MN) at 4°C overnight. After being washed several times with PBS plus 0.5% Tween 20 (PBST), the blot was hybridized with an anti-rat IgG antibody conjugated with infrared fluorescent dye (donkey anti-rat IgG IRDye 800 from Rockland Immunochemicals, Gilbertsville, PA, at 1 to 4,000 dilution in the blocking buffer). After the hybridization, the blot was washed three times with PBST and scanned at 800 nm on an Odyssey Infrared Image System from LI-COR Biotechnology (Lincoln, NE).
Ischemia and leukocyte activity monitoring. A 0.8-mm-diameter laser-Doppler flow probe (Perimed, Jarfälla, Sweden) was secured to the cranial window above the right parietal cortex, and baseline measurements (in perfusion units) were recorded. Right forebrain ischemia was produced by clamping the right common carotid artery, combined with blood withdrawal from the subclavian vein, to decrease cortical cerebral blood flow to 20% of baseline, as measured by laser-Doppler flowmetry. Reperfusion was established after 20 min in the diabetic and 30 min in the nondiabetic rats. The shorter ischemic duration used in the diabetic group arises from earlier observations of a greater postischemic lethality in diabetic versus nondiabetic animals when exposed to 30 min of transient forebrain ischemia (23, 31, 32) . The 20-min ischemic duration in the diabetic rats is associated with a lethality rate in females (ϳ15%) that is similar to the rate seen following 30 min of ischemia in nondiabetic females, based on the average for intact, OVX, and OVE rats. Leukocytes were labeled with rhodamine 6G (200 g/ml in 0.9% saline) given initially as an intravenous bolus (l ml) and followed by a continuous infusion at a rate of l ml/h (14, 20) . The leukocyte activity of pial venules was monitored using a rhodamine-filtered Nikon microscope equipped with an epi-illumination darkfield system (33, 34) . Images were captured using a digital video camera (CoolSNAP, Photometrics, Tucson, AZ) and saved for later analysis. In most cases, as done in previous studies from our laboratory (34) , leukocyte adhesion was quantitated as the percentage of the viewed venular area occupied by adherent (nonmobile) intravascular rhodamine 6G-labeled leukocytes. In some animals, leukocyte infiltration (i.e., the presence of extravascular leukocytes) was observed. In those cases, the total area of intraand extravascular leukocyte presence was expressed in relation to the viewed venular area. The difference between these values (i.e., total leukocyte presence) and the adherent (intravascular) leukocyte percentages at equivalent time points in each animal was then calculated. This provided us with an estimation of leukocyte extravasation/ infiltration (see Ref. 34) . In sham-operated ischemic, diabetic, and OVE females, we previously reported only negligible leukocyte adhesion (and no extravasation) during a 10 -12-h observation period (35) . mRNA and protein analyses. Samples of cortex from the three major diabetic study groups were obtained for analysis of RAGE mRNA and, as a control, ␤-actin mRNA, using real-time RT-PCR. We employed procedures similar to those described in earlier publications from our laboratory (6, 7) . Relative mRNA concentrations were calculated from the takeoff points of the PCR reactions, using the comparative 2 Ϫ⌬⌬CT method (15) . For RAGE, the forward primer sequence was 5Ј-TGGCACTTGGATGGGAAACCT-3Ј, and the reverse sequence was 5Ј-CCTTGGGCTGGGGTCACT-3Ј, with an expected product length of 128 bp. For ␤-actin, the forward primer was 5Ј-CCTGAAGTACCCCATTGAACA-3Ј, and the reverse sequence was 5Ј-CACACGCAGCTCATTGTAGAA-3Ј, which yielded a 92-bp product. Correct product synthesis was confirmed by agarose gel electrophoresis and melting curve analysis.
To complement the mRNA findings, cortical tissue was harvested for Western immunoblot analysis of RAGE abundance. We compared cerebral cortical RAGE protein expression in age-matched diabetic versus nondiabetic intact, OVX, and OVE female rats. Brain cortices of PBS-perfused rats were sonicated in ice in a lysis buffer with the following composition: 20 mM Tris ⅐ HCl, 0.4% SDS, 1 mM EDTA, 1 mM PMSF, 2% protease cocktail inhibitor (Sigma-Aldrich, St. Louis, MO), and 1 mM sodium orthovanadate. The homogenate was centrifuged at 100,000 g for 1 h, and the supernatant was collected for protein determination (via the Bradford method). Twenty micrograms of protein were loaded in each lane of a 10% SDS-PAGE gel. After transfer to a polyvinylidene difluoride membrane, the blots were blocked with 0.5ϫ Odyssey blocking buffer for 40 min and incubated with anti-␤-actin (0.5 g/ml, mouse monoclonal from Sigma-Aldrich) and then hybridized with a donkey anti-mouse IgG secondary antibody conjugated with infrared fluorescent dye (IRDye 700 from LI-COR, at 1:10,000 dilution in the blocking buffer) and subsequently scanned at 700 nm using the Odyssey Imager. The blots were hybridized with anti-mouse/rat RAGE antibody (R&D, 1:500) overnight at 4°C and then 60 min with donkey anti-rat secondary infrared fluorescent antibody (800 nm, 1:5,000, Rockland) and scanned at 800 nm. After incubation with either primary or secondary antibodies, the membranes were washed four times for 5 min with PBST. Fluorescence was analyzed using the Odyssey software. The software settings relative to gain and background correction as well as antibody incubation times were kept identical to ensure comparability between different membranes. Immunoblots using ␣-tubulin as a housekeeping protein were also performed and produced results (data not shown) identical to those obtained when RAGE was expressed relative to ␤-actin. In a few instances, at the end of the experiments involving ODN treatments of OVE diabetic females, superficial cortical tissue samples were acquired from the exposed brain surface under the cranial windows (33), frozen, and stored at Ϫ80°C for later Western immunoblot analysis of RAGE expression (see above).
Finally, in diabetic and nondiabetic intact, OVX, and OVE females, brains were perfusion fixed (in buffered 4% paraformaldehyde) and paraffin embedded according to procedures described in an earlier article (31) . Coronal sections (7 m) were prepared for immunohistochemical analysis of carboxymethyllysine (CML), the most prevalent AGE (CML-AGE). A monoclonal anti-CML antibody (working concentration 2 g/ml, clone 6D12, Research Diagnostics) was used. The second antibody was a donkey anti-mouse conjugated to Cy3 (from Jackson ImmunoResearch). Sections were viewed through a fluorescence microscope (Nikon), and a 0.35-mm 2 region of the sensorimotor cortex (at ϳ0 -1 mm caudal to the bregma) was captured using a Spot 2 digital camera and the MetaMorph program. In some instances, higher magnification views were obtained. The images were captured under identical conditions of light exposure. The images were subsequently processed and analyzed semiquantitatively using the ImagePro Plus program (Media Cybernetics, Silver Spring, MD). Thus the captured images were converted to eight-bit gray scale to permit threshold binarization. For all images, the intensity threshold for subsequent counting was 200 (from a scale of 0 -256), and only objects Ͼ 0.0015% of the viewed area were counted. The percentage of the viewed cortical area displaying CML-AGE immunoreactivity was then estimated.
Statistics. For comparisons within a given experiment (total vs. intravascular leukocyte presence, blood gasses, pH, and mean arterial blood pressure), statistical analyses were performed using a two-way ANOVA with a post hoc Student-Newman-Keuls test for multiple comparison procedures. For statistical comparisons between intact, OVX, and OVE rats within a given subgroup (and a given treatment), a one-way ANOVA was used, with a post hoc Tukey analysis applied to compare responses at identical time points. That same analysis was used for comparisons of RAGE-to-␤-actin ratios in Western immunoblots and between missense and antisense treatments or sRAGE and vehicle treatments at each time point within a specific rat group. SigmaStat (version 3.5; Richmond, CA) was used. A level of P Ͻ 0.05 was considered significant in all statistical tests. Values are presented as means Ϯ SE. All drugs/chemicals were obtained from Sigma-Aldrich unless otherwise stated.
RESULTS
Arterial PO 2 was maintained above 100 mmHg during the entire study in all animals. When comparing initial and endreperfusion values, some modest reductions in mean arterial blood pressure were seen in most groups (mean reduction ϭ 17%). The end-reperfusion arterial pH values were moderately lower than the preischemic value in most experimental groups (average decline ϭ 0.03 units). With few exceptions, arterial PCO 2 levels remained relatively constant when comparing preischemic to end-reperfusion values. Average body weights were similar in the diabetic and nondiabetic rats (ϳ280 g) with a trend toward higher body weights in untreated OVX females. In diabetic rats, the overall plasma glucose levels ranged from 22 to 35 mM with no differences among groups, whereas nondiabetic values were in the range of 6 to 10 mM.
CML-AGE expression. Regional cerebral expression of the RAGE ligand, AGE, was evaluated via immunohistochemistry, using an anti-CML-AGE antibody. In the present study, CML-AGE immunoreactivity in most brain regions was observed in all three diabetic groups. In Fig. 2A , representative photomicrographs of cortex at low (top) and high magnifications (middle) and hippocampus (bottom) are provided. It should be noted that CML-AGE expression was especially concentrated in and around blood vessels with an immunoreactivity pattern that appeared to be most intense in the intact and OVE groups, compared with the OVX group, and seemed to favor the endothelium, although we cannot exclude a perivascular astrocytic expression. The vascular expression is particularly evident in higher magnification views of cortical parenchymal microvessels ( Fig. 2A, middle row) . We performed a semiquantitative analysis of cortical CML-AGE immunoreactivity in the three diabetic groups (n ϭ 6 to 7 for each), as well as the three nondiabetic groups (n ϭ 5 to 7 for each). The results for diabetic rats are summarized in Fig. 2B . The percentage of the viewed cortical area displaying CML-AGE immunoreactivity in the diabetic animals was highest in the OVE group (6.4 Ϯ 0.7%), intermediate in the intact females (3.5 Ϯ 0.7%), and lowest in the non-ERT OVX group (1.5 Ϯ 0.2%). Significant differences were observed between the OVE and the intact or OVX group. The difference between the intact and OVX groups was also significant. The same relative pattern of CML-AGE immunoreactivity among groups appeared to be present when viewing sections at the level of the hippocampus ( Fig. 2A, bottom row) . Modest CML-AGE immunoreactivity in age-matched nondiabetic female cortices was observed as 91.1 Ϯ 0.1%, 1.1 Ϯ 0.1%, and 1.0 Ϯ 0.1% in intact, OVX, and OVE females, respectively (data not shown). However, when compared with their diabetic counterparts, significant differences were detected in OVE and intact, but not OVX, females. An omission of the primary antibody was accompanied by an absence of immunoreactivity in the above groups (not shown), indicating the lack of nonspecific fluorescence in the CML-AGE immunohistochemical analysis.
RAGE mRNA expression. Real-time RT-PCR analysis of RAGE mRNA in brain tissue samples harvested from the cortex of diabetic rats revealed a level of RAGE expression in the OVX group that was significantly lower compared with the intact and OVE females (the latter 2 groups exhibiting roughly equivalent levels of expression; Fig. 2C) .
RAGE protein expression. In cortical surface tissue harvested from diabetic females, Western immunoblot analyses of RAGE protein expression, relative to the expression of ␤-actin, in intact, untreated OVX, and OVE females revealed a relative pattern of abundance that had some similarities, but also differences, compared with the mRNA findings. Similar to the mRNA data, relative RAGE expression (Fig. 3) in the intact diabetic females was significantly higher (by nearly 3-fold) compared with untreated diabetic OVX rats. However, unlike the mRNA results, RAGE protein expression in diabetic intact females was significantly higher than that in the OVE group (by ϳ4-fold). In addition, also in contrast to mRNA findings, relative RAGE expression in the diabetic OVE females was lower compared with the OVX females, although not significantly so. A significantly higher relative expression of RAGE (ϳ2-fold) was seen when comparing diabetic versus nondiabetic intact females (Fig. 3) . Immunoreactivity of the loading control, ␤-actin, showed no appreciable variations among samples. Fig. 2 . A: immunoreactivity of the AGE, carboxymethyllysine (CML) in the cortex (top and middle) and hippocampus (bottom) of intact, ovariectomized (OVX), and E2-treated OVX (OVE) diabetic females. Scale bars (representative of the entire row) ϭ 100 m (top and bottom) and 25 m (middle). B: analysis of the relative expression of CML in the cerebral cortex of intact (n ϭ 7), OVX (n ϭ 6), and OVE (n ϭ 6) diabetic females (represented by A, top). Results are presented as the percentage of the viewed cortical area expressing immunoreactivity. C: RAGE mRNA expression in brain tissue samples harvested from the cerebral cortical surface of intact, OVX, and OVE diabetic females (n ϭ 3 in each group). Relative mRNA expression values were obtained via real-time PCR, using ␤-actin as an internal control. In each sample analyzed, the takeoff points (CT) were obtained for RAGE and ␤-actin. Relative mRNA expression was calculated using the 2 Ϫ⌬⌬CT method (15). For B and C, values are means Ϯ SE. *P Ͻ 0.05 vs. OVX; †P Ͻ 0.05 vs. intact. Fig. 3 . Representative Western immunoblots depicting RAGE (ϳ50-kDa bands) and ␤-actin (ϳ42-kDa bands) expression (bottom) along with RAGE band intensities expressed relative to ␤-actin (top) in samples obtained from the superficial cerebral cortex are shown. The groups are nondiabetic (ND) and diabetic mellitus (DM) intact female rats (n ϭ 6 for both), ND and DM OVX female rats (n ϭ 4 and 6, respectively), and ND and DM OVE rats (n ϭ 5 and 6, respectively). For RAGE measurements, all bands between 45 and 55 kDa were included in the analysis. Values are means Ϯ SE. *P Ͻ 0.05 vs. intact DM.
Postischemic leukocyte behavior: effects of RAGE antisense ODN.
In presenting these data, as we have done in previous studies (34) , both adherent intravascular and extravasated leukocytes are considered. In all cases, the percentages of adherent leukocytes in pial venules at the 2-, 4-, 6-, 8-, and 10-h reperfusion time points were measured (see METHODS). However, within the 6 -10-h time interval, leukocyte extravasation was sometimes observed. Extravasated leukocytes were defined as fluorescent cells lying outside of the intravascular space. Evidence of leukocyte extravasation in diabetic females, when present, was detected only at time points Ն 6 h and only in the missense-exposed, OVE, and, to a lesser extent, intact female rats. This is illustrated in representative frames captured from video recordings in the diabetic rat groups (Fig. 4) . To provide a quantitation of leukocyte extravasation (when present), extravascular leukocyte presence was calculated by subtracting the intravascular leukocyte area (expressed as a percentage of the viewed venular area) from the total leukocyte area (also expressed as a percentage of the viewed venular area) at specific time points. No extravasation was seen in any of the rats treated with RAGE antisense ODN (Fig. 5A) .
Furthermore, RAGE knockdown was accompanied by marked reductions (70 -90%, relative to the missense ODN-treated group) in postischemic leukocyte adhesion in the OVE females, but no reduction was seen in the OVX females without E 2 supplementation. On the other hand, in the intact female group, the level of postischemic leukocyte adhesion was 50 -60% lower at most time points in the antisense ODN-treated versus the missense ODN-treated group, although only at 8 and 10 h were the differences statistically significant. Western immunoblot analyses of superficial cortex tissue samples (largely composed of pial vessels, glia limitans, and some layer I cells) harvested from RAGE antisense and missense ODNtreated rats confirmed that the antisense ODN treatment was effective in reducing RAGE expression (Fig. 6) . In nondiabetic females (Fig. 7) , the only significant signs of extravasation were observed in OVX females at 8 and 10 h reperfusion. However, unlike the intact and OVE diabetic rats, no differential effect of antisense versus missense ODN treatments was observed in the nondiabetic OVX females, irrespective of whether extravasation was present. A more direct comparison of the influence of RAGE knockdown in diabetic versus Fig. 4 . Representative images of postischemic leukocyte behavior at 6, 8, and 10 h reperfusion in and around pial venules in missense oligodeoxynucleotide (ODN) vs. antisense ODN-treated diabetic intact, OVX, and OVE rats. Note the markedly greater leukocyte presence and the increasing appearance of extravasated leukocytes in the missenseexposed rats given E2 replacement. nondiabetic intact, OVX, and OVE females is provided in Table 1 . Here the data are expressed as the total leukocyte presence at 10 h reperfusion in antisense-relative to missensetreated rats. The only rats where significant reductions in total leukocyte presence were observed were the diabetic intact (70% reduction) and OVE (86% reduction) females. Thus the absence of any significant difference between the antisense versus the missense ODN treatments in diabetic OVX and all nondiabetic female groups would indicate an absence of RAGE influence on postischemic leukocyte behavior in these groups.
Postischemic leukocyte behavior: effects of sRAGE. Intracerebroventricular treatment of diabetic rats with the RAGE decoy inhibitor, sRAGE, compared with vehicle, yielded findings (Fig. 5B , and Table 1 ) similar to those seen in diabetic animals treated with antisense versus missense ODNs; that is, sRAGE versus vehicle administration was associated with a significantly lower postischemic leukocyte presence in both intact and OVE females and a complete prevention of leukocyte infiltration. Furthermore, similar to the experiments involving antisense ODN applications, no significant changes in leukocyte presence were observed in diabetic sRAGE-versus vehicle-treated OVX females (see Table 1 ). This too can be taken as evidence of a lack of RAGE influence in this group. , following 48 h exposure to topically applied RAGE antisense or missense ODN, in diabetic intact [n ϭ 5 (antisense), and n ϭ 4 (missense)], OVX [n ϭ 6 (antisense), and n ϭ 7 (missense)], and OVE [n ϭ 7 (antisense), and n ϭ 7 (missense)] females. The data are expressed as the percentage of the viewed venular area occupied by adherent (i.e., "nonrolling") leukocytes present within the intravascular compartment [missense (white bars) or antisense (black bars)] or as the area percentage of leukocytes found extravascularly (gray-shaded portion of bars only, seen solely in missense-treated rats). Total leukocyte presence (intravascular ϩ extravascular leukocytes) is represented by the combined height of the gray/white bars. The SE bars arising from the tops of the gray portions of the data bars relate to total leukocyte presence. The SE bars originating from the tops of the white data bar portions relate to intravascular leukocytes. Statistical comparisons (P Ͻ 0.05) at each time point: a intravascular adhesion-antisense vs. missense, b total vs. intravascular leukocyte presence, c intact or OVE total missense or antisense vs. OVX, and d intact vs. OVE total leukocyte presence. B: postischemic leukocyte behavior at 24 h following intracerebroventricular injection of sRAGE or artificial cerebrospinal fluid vehicle in diabetic intact, OVX, and OVE females (n ϭ 4 in all cases, except OVE ϩ sRAGE, where n ϭ 6). The data are expressed as the percentage of the viewed venular area occupied by adherent leukocytes present within the intravascular compartment [vehicle (white bars) or sRAGE (black bars)] or as the area percentage of leukocytes found extravascularly (gray-shaded portion of bars only, seen solely in vehicle-treated rats). Substituting "vehicle" for "missense" and "sRAGE" for "antisense," SE bar descriptions and statistical symbol definitions are the same as in A.
DISCUSSION
We previously reported that, in nondiabetic OVX female rats provided with chronic ERT, the level of pial venular leukocyte adhesion and infiltration following transient forebrain ischemia was much lower than that observed in the absence of ERT (21) . However, in the diabetic rat, ERT had the opposite effect (32) . The results of the present study suggested that this "transformation" in the diabetic rat was related to an increased contribution from RAGE. This was based on several pieces of evidence. First, a greater cerebral expression of a principal RAGE ligand, CML-AGE, favoring vascular/perivascular tissue, was seen in diabetic intact and OVE versus untreated OVX females. Second, this finding of elevated presence of ligand in diabetic intact or OVE females (relative to their untreated OVX counterparts) was paralleled by cerebral cortical RAGE mRNA expression data. However, that expression pattern was not mirrored by RAGE protein findings in the diabetic cerebral cortex, where, in relation to untreated OVX females, RAGE protein levels were only elevated in intact females but surprisingly not in OVE females. Third, RAGE knockdown, via antisense ODN applications, and RAGE blockade (using the decoy inhibitor, sRAGE) were accompanied by substantial reductions in postischemic leukocyte adhesion/infiltration in the OVE as well as in the intact diabetic group. In contrast, antisense ODN and sRAGE exposure were associated with no changes in postischemic leukocyte behavior in untreated OVX females. Finally, consistent with a lack of RAGE influence, the levels of postischemic leukocyte adhesion/infiltration in nondiabetic females were unaffected by RAGE antisense ODN applications, irrespective of hormone status.
Evidence from non-central nervous system tissues exposed to proinflammatory conditions indicates a link between RAGE activation and enhanced leukocyte adhesion and transendothelial migration (e.g., Ref. 4) . In the present investigation, RAGE functional enhancement can be inferred under circumstances where RAGE knockdown and/or sRAGE treatment resulted in significant reductions in postischemic leukocyte activity. Accordingly, only intact and OVE diabetic females, but not diabetic OVX or any of the nondiabetic rats, were likely to Fig. 6 . Western immunoblot analysis of RAGE expression in pial tissue harvested from OVE diabetic female rats exposed to either missense ODN (lanes 1 and 2) or RAGE antisense ODN (lanes 3 and 4) for 48 h. have experienced enhanced RAGE function. This suggests an estrogen-related elevated postischemic RAGE activity in diabetic female brains.
How does one account for this apparent RAGE-potentiating effect of estrogen in the diabetic rat? One possibility would be that chronic hyperglycemia-linked factors [e.g., increased AGE levels (8, 13) ] are coupled with an estrogen-associated enhanced expression of RAGE. The latter has some support in the literature, where it has been reported that prolonged exposure to E 2 , via a NF-B-independent but Sp-1-dependent transcriptional mechanism, can elicit an increase in expression of RAGE message and protein in cultured vascular endothelial cells (17, 27) . However, in the present study, although we did observe RAGE mRNA expression patterns in diabetic rats that appeared to correlate with the presence of estrogen (Fig. 2) , RAGE protein levels only partially tracked these findings. Thus cortical RAGE protein expression in the diabetic intact females was roughly threefold greater than in their OVX counterparts, similar to mRNA findings. In contrast, OVE diabetic females did not display increased RAGE expression compared with untreated OVX females. Nevertheless, it should be noted that protein expression and function changing in opposite directions are not unprecedented in the diabetic brain. For example, in the diabetic rat cerebral vasculature, endothelial nitric oxide synthase expression is upregulated, although endothelial nitric oxide synthase-dependent vasodilating function is substantially impaired (29) .
With respect to RAGE, there is a scenario whereby the RAGE protein expression one measures may not track RAGE function. Thus, whereas only the full-length RAGE is actively coupled to proinflammatory gene transcription, endogenous generation of sRAGE fragments, containing the external ligand-binding domain, can be generated and act as decoy blockers of RAGE function. The soluble forms, such as the proteolytically cleaved sRAGE or alternatively spliced endogenous-secreted form of RAGE (18) , lack the short transmembrane and cytoplasmic domains and, as such, may differ in molecular mass with the full-length form by only a small margin. This results in the presence of multiple bands around 50 kDa. Since the RAGE immunoblot analysis did not consistently within a given group yield the same number of bands, we took the more conservative approach of including all of the (2-4) bands observed at the level of the 50-kDa marker, expressed relative to ␤-actin, for our RAGE protein analyses. Thus, in the presence of higher levels of endogenous sRAGE decoy inhibitors relative to full-length RAGE, one might anticipate reduced RAGE function. In contrast, a lesser relative presence of sRAGEs could be associated with a greater RAGE function (e.g., Ref. 1), possibly arising from elevated availability of the RAGE ligand, AGE. Consistent with its AGE binding, the decoy function, an inverse relationship between sRAGE and CML-AGE, has been reported in diabetic subjects (9) . Perhaps the seemingly greater abundance of brain CML-AGE that we observed in estrogen-exposed (especially OVE) females reflects a lower endogenous sRAGE presence. However, because of a lack of definitive information regarding endogenous decoy inhibitor availability, issues related to endogenous inhibitory activity must remain unresolved.
In the present study, AGE and RAGE expression analyses were performed only in preischemic brains. The possibility exists that postischemic analyses may yield better correlations for a number of reasons. For example, increased cerebral RAGE expression has been reported in association with nondiabetic rodent ischemia models (10, 16, 35) . Also, diabetic, as opposed to nondiabetic, rats are very likely to be exposed to higher levels of RAGE ligand (AGE), and an increased presence of ligand has been linked to an enhanced RAGE expression (e.g., Refs. 8 and 11). Thus, in the diabetic and estrogenexposed preischemic brain, a neuropathological potential for RAGE may exist. This could act to prime the brain to respond to ischemia-reperfusion with a potentiation of RAGE activation and an exaggerated inflammatory response: the so-called "two hit" phenomenon described by Schmidt and coworkers (24) . In the absence of a second hit, the brain may not experience dysfunction despite elevated levels of AGE and RAGE (see, for example, Ref. 28) . The need for a double hit to produce RAGE-related brain damage could also explain why only the diabetic intact and OVE groups responded to RAGEtargeted interventions in the present study; that is, the absence of a treatment effect in the remaining groups (i.e., diabetic OVX and all nondiabetic animals) may relate to the fact that these rats only experienced the second-hit ischemia-reperfusion.
As one additional consideration, it should be noted that RAGE is a multiligand receptor that interacts with a number of non-AGE ligands, including S100 proteins (calgranulins), high-mobility group B1 protein (amphoterin), and leukocyte ␤ 2 -integrins (2, 3). These ligands may have some relevance in the present study where leukocyte behavior is used as an indicator of RAGE activity; that is, RAGE has been proposed as an endothelial counterreceptor for the leukocyte ␤ 2 -integrin Mac-1, high-mobility group B1 protein has been linked to enhanced neutrophil survival (30) , and S100 proteins are constitutively expressed in leukocytes (25) .
In conclusion, in accord with recent reports from our laboratory, E 2 supplementation of diabetic OVX females is associated with an exacerbation of leukocyte/inflammatory activity in the postischemic brain. In the absence of any intervention, the magnitude of postischemic leukocyte adhesion/infiltration in diabetic females was OVE Ͼ intact ϾϾ OVX. In the presence of RAGE knockdown or exogenous sRAGE, both the intact and the E 2 -treated groups showed substantial reductions in adhesion and a complete absence of infiltration, whereas OVX rats were virtually unaffected by RAGE-targeted interventions. Application of RAGE antisense ODN had no effect on postischemic leukocyte behavior in nondiabetic females, irrespective of estrogen status. However, additional questions remain. This includes the divergent findings when comparing RAGE protein abundance and sensitivity to RAGE-related interventions in intact versus OVE diabetic females. To address this in future studies, one might consider examining whether the preischemic RAGE expression relationships we found carry over to the postischemic state, as well as exploring the possible influence of progesterone (which is present in the intact but lacking in the E 2 -treated animals) and other modulators of RAGE activity. Nevertheless, at a minimum, the current findings suggest that the RAGE effect on postischemic inflammation that we observed was unique to the diabetic state and strongly influenced by the presence of estrogen. Moreover, recent findings from our laboratory indicated that the specific blockade of postischemic blood to brain neutrophil extravasation in OVE diabetic females resulted in significant neuropro-tection (34) . Thus, since RAGE blockade prevents postischemic neutrophil extravasation in diabetic, estrogen-exposed females, we anticipate that RAGE blockade would also provide significant ischemic neuroprotection in these animals.
